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Abstract This letter presents a new analytical approximation for wave (current)-induced dynamic
soil response in marine sediments. In the model, the third-order approximation for wave-current
interactions is employed for the ﬂow model, while Biot’s dynamic poro-elastic model is used to
simulate the porous ﬂow in a seabed. The newly analytical solution is validated with the ﬁeld
observations. Based on the solution, eﬀects of currents and wave-nonlinearity on soil response
are examined and a parametric study will be carried out to examine the inﬂuence of currents on
the liquefaction potential. c© 2013 The Chinese Society of Theoretical and Applied Mechanics.
[doi:10.1063/2.1301202]
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It has been well known that ocean waves propa-
gating over sea ﬂoor will exert variations of dynamic
pressure along the surface of seabed. These dynamic
pressure variations will further induce pore pressures
and eﬀective stresses in a porous seabed that may cause
seabed instability such as shear failure and liquefaction.
Most investigations for soil response in marine sedi-
ments available in the literature have limited to wave
loading,1–4 although the co-existence of waves and cur-
rents in ocean environments is a common physical phe-
nomenon and their interaction is a vital issue in the
practice of coastal and ocean engineering. Therefore, it
is necessary to investigate the inﬂuence of currents on
the soil response of the seabed under combined wave
and current loadings.
In this study, ocean wave propagating with currents
with a porous seabed of inﬁnite thickness is considered,
as depicted in Fig. 1. The ﬂuid is assumed to be inviscid
and the ﬂow is irrotational. Based on the third-order
analytical solutions of periodic waves propagating over
a uniform current,1 the dynamic wave pressure along
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Fig. 1. Deﬁnition of wave(current)-seabed interaction.
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the seabed surface can be expressed as
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where Hl is the wave height based on the linear wave
theory without a current, ρf is the pore ﬂuid density, k is
the wave number, d is the water depth, U0 is the current
velocity, g is the gravitational acceleration. The wave
frequency can be determined by the following dispersion
relation
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√
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In this study, based on Biot2 poro-elastic theory,
assuming the soil skeleton obeys Hookes’ law and the
ﬂow in porous seabed complies with Darcy’s law, the
governing equations can be expressed as
σ′ij,j = δijp+ ρu¨i + ρfw¨i,
−p,i = ρf u¨i + ρf
n
w¨i +
ρfg
kz
w˙i, (3)
u˙i,i + w˙i,i = − n
K ′f
p˙ ,
where σij is the eﬀective stresses, δij is the Kronecker
Delta denotation, p is the wave-induced pore pressure,
n is soil porosity, u and w are the displacements of solid
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Fig. 2. Vertical distributions of the maximum amplitude
of the wave-induced pore pressure (|p|/pws) versus the soil
relative depth (z/L) for comparision with the data from ﬁeld
observations.(Lines: The present solution; Symbols: The
ﬁeld data.)
and relative displacements of solid and pore ﬂuid, re-
spectively.
The bulk modulus of pore ﬂuid K ′f can be expressed
in terms of degree of saturation as
1
K ′f
=
1
Kw0
+
1− Sr
γwd
, (4)
where Kw0 is the bulk of modulus of pore water, which
is 2×109 N/m2, γw is the unit weight of pore water and
Sr is the degree of saturation.
Based on Hookes’ law, the relationship between ef-
fective stresses and soil displacements can be expressed
as
σ′ij = λui,i + 2Gui,j , (5)
in which G is shear modulus, μ is Poisson’s ratio and
λ = 2Gμ/(1− 2μ) is the Lame constant.
To solve the above governing equations, two bound-
ary conditions are requried. First, at the rigid and im-
permeable bottom of an inﬁnite seabed, zero displace-
ment occurs and the pore pressure is constant approach-
ing the bottom, i.e.
u = 0, w = 0, p = 0, as z → −∞. (6)
Second, at the surface of the seabed (z = 0), the
vertical eﬀective normal stress and shear stresses are
zeros and the pore pressure is equal to the external wave
pressure loading, i.e.
σz
′ = τxz = 0, p = Pb (x, t) , at z = 0. (7)
where Pb is given in Eq. (1). The above boundary value
problem, Eqs. (3), (6) and (7), can be solved analyti-
cally by following the framework outlined in the second
author’s previous work.3
To verify the proposed analytical solution, the ﬁeld
data4 for the wave-induced pore water pressures at a
coast facing the Japan Sea is used. Since no current
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Fig. 3. Vertical distributions of the maximum amplitude
of the wave-induced pore pressure (|p|/p0) versus the soil
relative depth (z/L) for the eﬀects of (a) diﬀerent current
direction and (b) wave non-linearity.
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Fig. 4. Distributions of the maximum liquefaction depth
versus current velocities.
exists in the ﬁeld observations, the wave-current inter-
actions will be reduced to the case with wave loading
only. The input parameters and ﬁeld data are availbale
in Sakai et al.4. In the comparison presented in Fig. 2,
the wave observations No.3 and No.4 are used. In Fig. 2,
pws denotes the static water pressure, which is deﬁned
by pws = ρfgd. As shown in Fig. 2, the present solution
overall agrees with the ﬁeld data.
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Figure 3(a) illustrates the inﬂuence of current’s di-
rection on the pore pressure. p0 stands for the wave
pressure at the seabed surface under linear wave load-
ing without currents. In the example, the linear wave
height without a current (Hl) is 10 m. The resultant
wave height (H) can reach 14.5 m after interaction with
a current. As shown in Fig. 3(a), the direction of the
currents signiﬁcantly aﬀects the wave(current)-induced
pore pressure. The maximum value of pore pressure in
diﬀerent direction currents reaches about 10% of po at
z/L = −0.05. The inﬂuence of current may be amplied
by diﬀerenct combinations of wave and seabed char-
icteristics, which are not shown in this letter. Compar-
ied to the the linear wave loading, the nonlinear wave
loading also has signiﬁcant eﬀects on the pore pressure,
as illustrated in Fig. 3(b). However, the diﬀerence be-
tween linear wave and third-order wave model is signif-
icant only in coarse sand.
Liquefaction is one of important factors that must
be taken into account in the design of marine infras-
tructures such as breakwaters, pipelines, platforms and
wind turbine foundations. For the prediction of lique-
faction, several criteria for liquefaction have been sug-
gested in the past. In this study, the criterion suggested
by Zen et al.,5 based on the concept of excess pore pres-
sure, was applied. In this example, the current velocity
varies from –2 m/s to 2 m/s. As shown in Fig. 4, the
maximum liquefaction depth increases as the current ve-
locities with a ﬁxed wave height. It is observed that the
inﬂuence of wave height is signiﬁcant on the maximum
liquefaction, especially when the current’s direction is
along with the wave propagation. Thus, it can be con-
cluded that the inﬂuence of current will be ampliﬁed by
the increasing wave height on liquefaction depth.
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